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Abstract--A new explicit relation is proposed for the prediction of the enhancement factor for 
reversible reactions of finite rate in chemically loaded solutions which also allows for unequal 
diffusivities. The relation for the enhancement factor is not based on an approximation f the 
absorption process, but is derived from a similarity which can be observed between the results 
of the approximation for an irreversible (1,1) order reaction given by, for example, DeCoursey 
(surface renewal model), and the exact numerical results. The present relation combines the 
solution of DeCoursey (1974 Chem. Engng Sci. 29, 1867-1872) for irreversible finite rate 
reactions, and the solution of Secor and Beutler (film model, 1967 A.I.Ch.E.J. 13, 365-373) for 
instantaneous reversible reactions. The diffusivity ratios in the solution of Secor and Beutler 
(1967) were replaced by the roots of these ratios in order to adapt the enhancement factors to 
the penetration theory. In general, this adaptation of the solution of Secor and Beutler gave 
reasonably good results, however, for some situations with unequal diffusivities deviations up 
to 20% were found. The results of the present approximation were for various reactions 
compared to the numerical enhancement factors obtained for the model based on the Higbie 
penetration theory. Generally, the agreement was reasonably good. Only 26 of 2187 pre- 
selected simulations (1.18%) had a deviation which was larger than 20%, while the average 
deviation of all simulations was 3.3%. The deviations increased for solutions with a substantial 
chemical loading in combination with unequal diffusivities of the components. For reactions 
with a kinetic order unequal to unity, the Ha number had to be multiplied by a factor, w,/,~t~ so
that E, = ~fHaA in the regime 2 <HaA ~ E ..... This factor agreed well with the factor given 
by Hikita and Asai (1964, Int. Chem. Engn9 4, 332-340) in their dimensionless number. 4"' 1997 
Elsevier Science Ltd. 
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l. INTRODUCTION 
In gas-liquid absorption processes the enhancement 
factor concept is introduced to describe the influence 
of a reaction on the mass transfer rate. The enhance- 
ment factor is defined as the ratio of the rate of 
absorption of a gas in a reactive liquid to the rate of 
the physical process at identical concentration differ- 
ences of the absorbing as. Since the occurrence of 
a chemical reaction can have a substantial effect on 
the absorption rate, a good description of this phe- 
nomenon is required for design purposes. Therefore, 
much attention has been paid to the description ofgas 
absorption i  reactive liquids. 
For these phenomenon a large number of theore- 
tical models are proposed (see, e.g. Versteeg et al., 
* Corresponding author. Tel.: 0031-534893027;fax: 0031- 
534894774. 
1989). Three frequently encountered models are 
the film theory, Higbie penetration theory and the 
Danckwerts surface renewal model. The effect of the 
chemical reaction is usually described by the imple- 
mentation of the chemical reaction in these mass 
transfer models (see e.g. Danckwerts, 1970). As men- 
tioned before, the results of the incorporation of the 
influence of the reaction on the mass transfer rate are 
usually presented in terms of the enhancement factor. 
Glasscock and Rochelle (1989) showed that, for the 
models mentioned, considerable differences for the 
numerically calculated enhancement factors could 
occur at identical process conditions. The differences 
between the penetration and surface renewal model 
were generally small, while the film model showed 
larger deviations. Generally, the film model is 
regarded as the most simplified and, therefore, physi- 
cally most unrealistic model. Therefore, the enhance- 
ment factor obtained with either the model based on 
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the penetration theory or the model based on the 
surface renewal theory will be preferred. 
Only for some asymptotic absorption processes 
accompanied with chemical reaction the different 
absorption models can be solved analytically, while 
for all other situations numerical solutions are neces- 
sary (see, e.g. Swaaij van and Versteeg, 1992). As 
the numerical solution of the mass transfer model is 
laborious, various approximations were developed to 
estimate the enhancement factor, which are applicable 
over a wide range of process conditions, reversible 
reactions and chemical solute loadings. Well-known 
examples, among others, are the pioneering work of 
van Krevelen and Hoftijzer (film model), the solution 
of Onda et al. (1970, film model) and DeCoursey 
(1974, 1982, surface renewal theory). DeCoursey 
and Thring (1989) eventually produced an implicit 
approximation which was based on the surface 
renewal model which took allowance for all possible 
conditions of reaction (1), with first-order kinetics in 
the gas A and reactant B. 
y,A + 7bB <~>7cC +7dD (l) 
With this approximation enhancement factors can 
be calculated relatively easily. Recently, Winkelman 
et al. (1992) compared the solution of DeCoursey 
and Thring to the results obtained with a numer- 
ical model based on the Higbie penetration theory. 
For chemically unloaded solutions, the maximum 
deviation was 11% (average deviation 2%), while 
for chemically loaded solutions this value increased 
up to 14% (average deviation 3.1%). Although 
the model of DeCoursey and Thring allows for all 
possible stoichiometric combinations for reaction (1), 
the reaction must be first order in the gas A and 
reactant B, which can be considered as a severe re- 
striction. 
In the present contribution a simple explicit rela- 
tion for the enhancement factor is presented which is 
not based on the approximation of the absorption 
process, but it is derived from a similarity which can 
be observed between the results of the approximation 
of, e.g. van Krevelen and Hoftijzer or DeCoursey 
(1974), and the exact numerical results. The enhance- 
ment factors obtained with this relation for various 
kinetic expressions will be compared to the exact 
results calculated with a numerical model which is 
based on the Higbie penetration theory. 
2. THEORY 
2.1. Basic relations of fi lm model 
Although the final approximation is valid for rever- 
sible reactions and the penetration model first the 
irreversible reaction 
A + 7bB ~ 7cC + )'dD with R, = -- k,,,, [A]"[B]" 
(2) 
is considered to derive an expression for the dimen- 
sionless Hatta number. For a correct description of 
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the fluxes according to the film model the following 
dimensionless equations have to be solved: 
d2~ 
d(~ = Ha2A a"fl", ~ = 0, a = 1 and 
= 1, ~ = 0 (3) 
= HaZe,tim ' dfl= d2fl #=0,  - -  0 and 
d( 2 d~ 
(=1,  f l= l  (4) 
with 
(, = x/6 c~ = [A]/[A]i fl = [B]/[B]L (5) 
in which the dimensionless number HaA is defined 
by 
Ha 2 _ k,.,.[A]7[B]~'6 _ k,,,,[A]~ '-a [B]['D, (6) 
D. a k2 
-3-[ ], 
and the dimensionless number HaB is defined by 
Ha 2 = 7bk,,,,EA]7 [B]~6 = 7bHa 2 D, [A]~. (7) 
~[B]L  Db [B]L 
Note that both the Ha { numbers in fact represent 
the maximum conversion of component i in the film 
divided by the maximum transport of component i 
through the film. In this way the Haa number coming 
from the dimensionless relation has a distinct physical 
meaning. If m = 0, i.e. a zeroth-order reaction in B, the 
HaA number isthe only variable and the enhancement 
factor is a unique function of this HaA number. 
For some asymptotic situations these coupled 
differential equations (3) and (4) can be solved ana- 
lytically to derive the flux of A at the interface, 
however, in most situations, which include reversible 
reactions, numerical techniques or approximations 
are necessary in order to calculate the flux of A at the 
interface. These approximations often assume a pro- 
file of component B in order to simplify the differential 
equations and make them analytically solvable. 
2.2. Approximate solutions and derivation of  the 
present relations 
Van Krevelen and Hoftijzer introduced a lineariza- 
tion technique for the concentration f B in the film 
model and obtained an implicit approximation for the 
enhancement factor for a second-order i reversible 
reaction (8): 
A+TbB~C+D with R ,= -kL l [A ] [B] .  (8) 
With the general solution of van Krevelen and 
Hoftijzer the enhancement factor according to the 
film model can be calculated within 3% (Santiago de 
and Farina, 1970). 
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Brian et al. (1961) showed that by substituting the 
diffusivities by the square root of the diffusivities, 
the relation of Van Krevelen and Hoftijzer is also 
applicable to the the penetration theory for reaction Ea 
(8) with deviations within 7% for a second-order 
irreversible reaction. 
DeCoursey (1974) developed an explicit approxi- 
mate relation for the enhancement factor for reaction 
(8) which was based on the surface renewal theory, 
while Yeremian et al. (1970) derived an approximate 
explicit solution according to the penetration theory. 
The solution of DeCoursey (1974) is given by 
- Ha~ /[- Ha~ E. ,~ Ha~ ] 
E~ 2(E, . : - - -1)+ k/L4(E,~-~--1) 2÷ (Ea,~ -- 1 - - )  ÷ l  "j 
(9) 
The effect of the reversibility of the reaction has been 
shown by, among others, Versteeg et al. (1989) and is 
demonstrated in Fig. 1 for various values of the equi- 
librium constant. In this figure also the enhancement 
factor for the irreversible reaction (8) according to 
eq. (9) is given. From Fig. 1 it can be concluded that, 
although these reversible and irreversible reaction are 
not related, the curves for the enhancement factor 
vs the Ha number for reversible reactions with 
increasing equilibrium constant show a remarkable 
similarity with the results for the enhancement factor 
o 
for irreversible reactions with increasing asymptotic 
enhancement factors. 
The concept of the present paper is that the relation 
of van Krevelen and Hoftijzer, or similar relations 
applicable to irreversible reactions, can be extended to 
reversible reactions and chemically loaded solutions if ~,, 
the asymptotic enhancement factor in these relations 
is adapted to these conditions. [-See also Danckwerts, 
(1970)]. Because of the explicit description of the 
enhancement factor, the relation of DeCoursey (1974) 
for irreversible reactions [eq. (9)] is attractive for this 
purpose, and will in the present contribution serve as 
a basis in order to calculate the enhancement factor 
for reversible reactions in chemically loaded solutions 
with unequal diffusivities. 
The present relation simply states that the reversi- 
bility of the reaction, chemical loading and diffusivi- 
ties of components A, B, C and D primarily affect the 
value of the asymptotic enhancement factor. Once this 
influence on the asymptotic enhancement factor is 
known, the enhancement factor can be calculated with 
eq. (9) as if the reaction proceeds irreversibly. In Fig. 2 
numerical results for the enhancement factor accord- 
ing to the penetration theory are given for very differ- 
ent absorption conditions (i.e. the equilibrium con- 
stant K was varied from 0.1 to 10,000), however, the 
numerical asymptotic enhancement factor was for 
every equilibrium constant kept constant at 51 by 
adapting the concentration of B in the bulk. In Fig. 2 
it can be seen that the numerically calculated en- 
hancement factors are almost identical over the entire 
HaA range except when the enhancement factor ap- 
proaches the asymptotic enhancement factor. Also in 
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Fig. 1. Similarity for the plot for the reaction A + B.~ 
C + D (reaction orders in all components equal to 1) with 
varying equilibrium constant (lines with open points; 
numerical results) and the irreversible reaction A + B 
C + D [results according to eq. (9)] with varying ratio of 
[B]L/(ma[A]g) (lines with black squares). Lines with open 
points: Keq =0.001; 0.1 and 1.105 from bottom to top respec- 
tively; chemical loading =0.001, [B]L = 1000 molto 3 
Lines with black squares: [B]L/(ma[A]~)=3, 10, 75 and 
1000, from bottom to top respectively. All diffusivities for 
both reactions equal to 1 x 10 -9 m 2 s 1, [A], = l0 molln 3 
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Fig. 2. Influence of the equilibrium constant on the curve of 
Ea versus Ha,, for the reaction A + B ¢*-C + D for a chemi- 
cal loading of zero. The numerical symptotic enhancement 
factor was kept identical at 51 for all equilibrium constants 
by changing the concentration f B in the bulk. 
this figure the enhancement factor according to the 
relation of DeCoursey (1974) (valid for irreversible 
reactions) is given for the same asymptotic enhance- 
ment factor. Also these enhancement factors only de- 
viate slightly from the numerically calculated ones, 
the difference being larger in the transition regime 
from Ea = HaA to E ..... This agreement seems to con- 
firm the idea that the approximate solution for an 
irreversible reaction [of e.g. DeCoursey (1974)] can be 
used as long as the asymptotic enhancement factors 
needed in these approximations is replaced by the one 
for the reversible reaction. 
Unfortunately, no analytical solution for the 
asymptotic enhancement factor according to the sur- 
face renewal model, for which eq. (9) is valid, is avail- 
able for reversible reactions and unequal diffusivities 
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in partially converted solutions. However, for these 
conditions Olander (1960) presented an analytical 
solution for (7, ='~b = ~)c = Td = 1) for the film model in 
the instantaneous absorption regime. In 1967, Secor 
and Beutler obtained an analytical solution for the 
same conditions in the mass transfer controlled ab- 
sorption regime for the film model for reaction (1) 
which allowed for arbitrary stoichiometric coeffi- 
cients. The relation of Secor and Beutler for reaction 
(1) is given by 
7.Dc ([C],-[C]L) 
E.,~ = 1 q (10) 
7~D, (ma[A]g - [A]L) 
where [C]i has to be calculated from relations 
(11)-(13). 
"/bDc 
[B], = [B]L + ~ ([C]L -- [El,) 
ydDc ([C]i - [C]L) [D]i = [D]L + 7~D--~ 
[C]~ '~ [D]~ ~ 
K - . (13) 
(m. [A]9) ~o [B]~ 'b 
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A+B¢~C,  K - [A]EB~,  
Ra = -k11 [A][B] + k_, [C] (15) 
[c] [D] 
A+2B~C+D,  K 
[A] [B] TM 
R.=-k I2 [A] [B]  2+A_ I_ I [C] [D] .  (16) 
The results of these calculations are reported in 
Section 4.2. In Section 4.3 results are also given for 
reactions (17)-(19) which are second-, third- and 
zeroth order in A, respectively. 
If] [D]  
2A+B.~C+D,  K - - -  
[A]2[B]  ' 
Ra=-2(k2~[A]2[B]  -k  1 I[-C][D]) (17) 
(l l) 3A+B,~-C+D,  K -  [C][D]  
[A]3[B] ' 
R .=-3(k31[A]3[B] -k_ l _ lEC] [D] )  (18) 
(12) 
[C] [D] 
A+B~C+D,  K - - -  
[A] [B] '  
Although eqs(11)-(13) can be solved easily with 
a root finding procedure, Secor and Beutler also de- 
rived an explicit solution for arbitrary 7a and 
7b =?c = 7d = 1 (the solution for 7, = 7b = 7c =Td = 1 
was already presented by Olander) and arbitrary 7a 
with 7b = 2 and 7c = 7d = 1. The required equilibrium 
concentrations i  these relations can be derived with 
an appropriate model able to calculate the equilib- 
rium composition. 
3. S IMULAT IONS 
The simulations were carried out for the following 
first-order reactions in the absorbing component A:
[C][D] 
A + B ,~C + D, K 
[A] [B] '  
Ra=-k l I [A ] [B]+k- , - , [C ] [D]  (14) 
[C] [D]  
R.=-ko l [B]+k- l -1 - -  (19) 
[A] 
It is emphasized that for the reactions (14)-(18) the 
stoichiometric coefficient of a component was chosen 
equal to the reaction order in that component. In the 
backward reaction rate of reaction (19) the product of 
the concentrations of C and D is divided by the 
concentration f A in order to fulfil the condition that 
at equilibrium Ra =0. 
For all reactions calculation of the equilibrium 
composition in the liquid was performed with 
a simple root finding routine. 
The results of the present relation were compared 
to the results obtained with the exact numerical solu- 
tion of the model based on the Higbie penetration 
theory [see, e.g. Versteeg et al. (1989)1. Only the 
numerical simulations which yielded an enhancement 
factor larger than 1.05 (and only one enhancement 
factor in the instantaneous absorption regime) were 
used in the comparisons ( ee Fig. 3 for a schematic 
log E a 
E =1.05 a 
K= ~ 
K=0 
log Ha 
E =1.05 a 
Fig. 3. Schematic presentation f the simulations which were used in the comparison of the numerical 
model and the two approximations. 
Reversible reactions of finite rate in chemically loaded solutions 
Table 1. Process conditions which were used in the comparative simulations 
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Situation No. [B]tot liquid loading Db,c, a Situation [B],o, Chem. liquid Di~,c.d 
(molm -3) (m2s -1) No. (molm 3) loading (m-'s i) 
1 1000 0.001 1 × 10 -9  16 50 0.9 5 × 10 10 
2 1000 0.1 1 X 10  -9  17 1000 0.001 2× 10 ~' 
3 1000 0.5 1 x 10 -9 18 1000 0.1 2 x 10 '~ 
4 1000 0.9 1 X 10 -9  19 1000 0.5 2 x 10 " 
5 50 0.001 1 x 10 -9 20 1000 0.9 2 × 10 " 
6 50 0.1 1 x l0  -9  21 50 0.001 5× 10 " 
7 50 0.5 1 X 10 -9  22 50 0.1 5 × 10 9 
8 50 0.9 1×10 9 23 50 0.5 5z10 " 
9 1000 0.001 5 × 10 1o 24 50 0.9 5 x 10 9 
10 1000 0.1 5 x 10-1° 25 1000 0.5 5 x 10 " 9 
11 1000 0.5 5 x 10 - l° 26 I000 0.5 2 × 10 lo 
12 1000 0.9 5x10 lo 27 1000 0.001 2×10 1o 
13 50 0.001 5 x 10- lo 28 1000 0.001 5 × 10 o 
14 50 0.1 5 × 10 -1° 29 50 0.001 2 × 10 lo 
15 50 0.5 5×10 -1° 30 50 0.5 2×10 to 
Note: In all the simulations [A] i= 10 molm -3, D~ = 1 x 10-9  m2s  -1 and kL = 1 × 10 5ms-L  
Enhancement factor was calculated for all situations 1 30 with K =1 × 10 -3, 0.1, 10, ] × 10 3, 1 × l0 s and for all these cases 
with k.m = I x l0  -6, l x l0  -s ,  1×10 -4, 1x l0  -3, l x l0  -2, 1×10 -1, 1, 10, l x l0  2, 1x l0  3, 1×10 4, 1×10 5 and 
1 x 10Om3 mol - ls  1. Reaction rate interval for reactions (16) and (18) are from 1 × 10-9-I × 10 3 and 1 x 10 8 1 × 10 4 
respectively. 
[B],o, = concentration of B in chemically unloaded solution = [B] + [C] in chemically loaded solution. 
Chemical liquid loading defined as total number of moles A and C divided by total number of moles of B and C. 
HaA number calculated according to eq. (6). 
indication). The condit ions for the simulations are 
summarized in Table 1. 
4. RESULTS 
4.1. Adaptation of the asymptotic enhancement factor 
of Secor and Beutler 
In the relations of Secor and Beutler [eqs (10)-(13)] 
for the asymptotic enhancement factor according to 
the film model, several diffusivity ratios can be seen. 
For  unequal diffusivities Glasscock and Rochelle 
(1989) showed that large differences for the asymp- 
totic enhancement factor occur between the film 
model and surface renewal or penetrat ion theory, 
respectively. Chang and Rochelle (1982) showed that 
by using the square root of the diffusivity ratio in 
the film model, the film- and surface-renewal model 
give almost the same enhancement factors in the 
instantaneous absorpt ion regime for the reaction 
A+B~C.  
Frank (1996) also adapted the diffusivity ratio in 
the analytical solution for the film model in the 
instantaneous absorpt ion region with the square root 
of these ratios, and verified the results of this (adapted) 
solution with the exact analytical results obtained for 
the penetrat ion model for the instantaneous reaction 
(1). Generally, the modification yielded reasonably 
good results, however, for some process conditions 
with unequal diffusivities the deviation could still 
increase to about 20%. The fact that for these instan- 
taneous irreversible reactions the deviations between 
the adapted analytical solution of the film model 
[eq. (20)]. 
D~D ~ [B]L (20) 
Ea,~ = 1 + [A]i 
and the exact results according to the penetration 
theory can increase up to 20% indicates that the often 
applied expression for the asymptotic enhancement 
factor for an instantaneous irreversible reaction 
according to the penetrat ion theory should always be 
used with care because it is an approximation and not 
an exact solution. 
Blauwhoff (1982) also adapted the diffusivity ratio 
in the solution of Olander for the film model (valid for 
instantaneous reversible reactions) with the square 
root of these ratios, and verified the results of this 
(adapted) solution for a reaction with a stoichiometric 
scheme of ~a =~'b =7c =7a =1 with the numerical 
results obtained for the penetrat ion model for reac- 
tion (1). Generally, the modification of the solution of 
Olander yielded reasonably good results, however, as 
also observed by Frank (1996) for irreversible reac- 
tions, the deviations could increase up to 20%. 
In this work, the asymptotic enhancement factor 
according to Secor and Beutler was also adapted in 
the same way as Blauwhoff did with the solution of 
Olander, in order to make it more compatible with 
the penetrat ion and surface renewal theory. For  reac- 
tions (14) and (18) the results for the asymptotic 
enhancement factors obtained with the adapted 
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. . . . . . . . .  i . . . . . . . .  i . . . . . . . .  
10 tO0 
Ea,  ~ ,n omeri cal  
Fig. 4. Asymptotic enhancement factor according to the 
numerical results of the penetration theory and the adapted 
solution of Secor and Beutler for reaction (14). 
Ea~ ,appr .  
100' 
tO '  
" J  + unequal diffusivities 
/ -  
1 . . . . . . . .  i . . . . . . . .  t . . . . . . . .  
10 tO0 1000 
Ea,  ~ ,n umer i  cal 
Fig. 5. Asymptotic enhancement factor according to the 
numerical results according to the penetration theory and 
the adapted solution of Secor and Beutler for reaction (18). 
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for the SBDC model either occur due to an inaccurate 
prediction of the asymptotic enhancement factor [for 
the SBDC model predicted by eqs (10)-(13)] for situa- 
tions with unequal diffusivities, or, in most situations, 
as a consequence of a too rapid increase of the 
enhancement factor in the area HaA > Ea < E ..... If 
the maximum deviations are due to an inaccurate 
prediction of the asymptotic enhancement factor, 
the replacement of the asymptotic enhancement factor 
in the SBDC model by the exact numerical result 
1000 decreases the average deviations ubstantially (See 
Table 2). In the area HaA >E~ <E ...... the SBDC 
model remains on the line of approximately Eo= Haa 
too long in comparison with the numerical results. 
It is not surprising that deviations occur for these 
conditions. Already in Fig. 2 it was observed that for 
HaA >Ea <E .... differences between the numerical 
results at identical asymptotic enhancement factor 
and the approximation according to the relation of 
DeCoursey [eq. (9)] occurred. Substantial maximum 
deviations (situations 3, 4, 11, 12, 19, 20, 25) are 
observed for chemical loadings of either 0.5 or 0.9 in 
combination with K = 10. For each of these situations 
the bulk concentration f A is higher than the inter- 
face concentration which means that desorption 
occurs. One should note that these larger deviations 
are not due to the fact that desorption takes place, 
because the deviations observed for equilibrium con- 
stants lower than 10 (for which the driving force for 
desorption is even higher) show a lower deviation. 
solution of Secor and Beutler are presented in Figs 4 
and 5, respectively. 
As can be seen in Figs 4 and 5 the adapted solution 
of Secor and Beutler seems to predict he asymptotic 
enhancement factor according to the penetration 
model well. In general, however, significant differences 
(for all reactions and situations studied they remained 
lower than 20%) occur for some cases where the ratio 
of the diffusivities deviates ubstantially from one (e.g. 
5 or 0.2), while for equal diffusivities the agreement is 
always within 0.1%. 
The value for the approximate enhancement factor 
according to the present model is calculated by the 
explicit eq. (9), where the asymptotic enhancement 
factor in eq. (9) is estimated according eqs (10)-(13), 
in which the diffusivity ratios are replaced by the 
square root of these ratios. 
Because the present approximation is a combina- 
tion of the adapted solution of Secor and Beutler 
and DeCoursey, the present method will further be 
addressed to as the SBDC model. 
4.2. Results for the SBDC model for first-order 
reactions in A 
4.2.1. 7a =?b =7c =7d =1. The results of the pre- 
sent SBDC model for reaction (14) are reasonably 
good (see Table 2). In general, the largest deviations 
4.2.2. Results for 7, =7b =7c =1 and 7a =0. For 
reaction (15) the average deviations for the SBDC 
model for reactions with equal diffusivities are almost 
identical as for reaction (14) (Table 3). However, for 
unequal diffusivities the average deviation increases 
somewhat. For both situations the maximum devia- 
tion is usually negative and mostly occurs for K =0.1. 
Like for reaction (14), also for this reaction this maxi- 
mum deviation frequently can be observed as a conse- 
quence of a too steep increase of the enhancement 
factor in the area HaA > E, < E~._~. Only if the diflusi- 
vity ratios are unequal, the maximum deviation also 
occurs at very high reaction rate constants which 
indicates that the asymptotic enhancement factor is 
predicted inaccurately. However, as already men- 
tioned in Section 4.1 this maximum deviation for 
E ...... was always less than 20%. If the approximation 
for the enhancement factor in the SBDC model is 
replaced by the numerical value then the average 
deviation decreases [-especially for situation (29) 
and (30)] substantially as also observed for reac- 
tion (14). 
4.2.3. Results Jor 7a =7,. =Ta =1 and 7b =2. For 
reaction (16) the HaA number was adapted to the 
kinetic order in component B according to eq. (6) 
which results in 
/kl.2[B][D~ 
Ha~ =N/  ~ " (21) 
Reversible reactions of finite rate in chemically loaded solutions 
Table 2. Results for reaction (14) A + B ~=~C + D 
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Situation SBDC model 
Deviation 
Deviation for 
laveragel max. K kll E . . . .  sulw > 5% 
( -1  (m3mol Js t) for K equal to 
Average deviation if 
E~I, , ,~;11i)( - -  E~I, • ,numer ica l  
1 27 1.65(/ 6.71 0.1 0.001 
2 31 2.048 9.55 0.1 0.001 
3 30 2.987 -- 20.5 10 0.01 
4 27 4.243 27.9 10 0.01 
5 20 1.835 - 4.95 10 1 
6 26 1.122 4.53 1 x 105 0. I 
7 24 1.089 4.35 1 x 10 ~ 0.1 
8 19 (t.854 -- 4.85 10 0.1 
9 26 2.442 9.28 0.1 0.001 
10 34 1.438 5.93 10 0.1 
II 27 2.583 16.8 10 0.01 
12 26 4.112 21.2 10 0.01 
13 18 3.591 8.55 1000 0.01 
14 22 4.047 8.74 1 x 105 0.1 
15 21 3.984 9.11 1 x l0 s 0.1 
16 17 2.788 5.64 1 x 105 0.1 
17 23 1.883 5.22 0.1 0.00I 
18 39 2.369 -- 13.4 0.1 0.001 
19 38 3.028 -- 24.8 10 0.1 
20 27 5.211 - 31.5 I0 0.001 
21 20 1.556 7.70 1000 0.1 
22 30 2.485 5.96 0.1 I x 106 
23 33 3.891 7.96 0.1 1 x I0 ° 
24 23 5.475 13.4 1.105 1 x 10 ~ 
25 37 5.(/86 28.2 10 0.1 
26 26 3.128 6.91 1 x 105 0.1 
1 x 10-~,1 × l0 s 1.842 
1 x 10.~,1 x 105 1.297 
1 x 10,~,1 × 105 1.051 
I × 103,1 x l0 s 0.501 
0.1 1.750 
0.1,1 × 103.1 × 105 2.229 
0.1.10,1 x 103.1 × 105 3.155 
0.1 5.744 
Note: Conditions for each situation given in Table 1. n = number of simulations which could be used for the specific 
situation (see Fig. 3). Deviation defined as 
deviation (E . . . . . . .  ical Ea appropr ia le  = x 100%. 
Ea,numer ica l  
With this definit ion of the Haa number  the SBDC 
model  gives for equal diffusivities acceptable devia- 
t ions from the numerical ly calculated enhancement  
factors (see Table 4), the deviat ions being larger in 
solut ions with a chemical loading >0.001 than in 
solut ions with a chemical oading of 0.001. In general, 
for unequal  diffusivities and solut ions with a chemical 
loading of 0.001 the deviat ions increased [exceptions 
are situation (23) and (26)]. The max imum deviat ions 
mostly do not occur at high react ion rate constants  
which indicates that the asymptot ic  enhancement  fac- 
tor is predicted reasonably accurately. Also for this 
reaction, the max imum deviat ions in the SBDC model  
are observed in the area HaA > E,, < E~,.~ and occurs, 
for this reaction and for the situations studied, fre- 
quently for a lmost irreversible reactions. The high 
average deviat ion for s ituation (29) is due to an 
inaccurate predict ion of the asymptot ic  enhancement  
factor over the whole range of equi l ibr ium values. If 
for this s ituation the asymptot ic  enhancement  factor 
according to the SBDC model  is replaced by the 
value numerical ly calculated, the average deviat ion 
decreases drastically. Also for some other s ituations in 
which the deviat ion in the approx imate  asymptot ic  
enhancement  factor is higher than 5% this substi- 
tut ion of the approx imate asymptot ic  enhancement  
factor by the numerical  one leads to a decrease in the 
average deviat ion [situation (21), (23), {27)]. 
4.2.4. Average deviations fi)r reactions first order in 
the absorbing component A. In Table 5 a summar~ of 
the results for reactions first order in A is given. As it 
can be seen the results are reasonably good. The 
lowest deviat ion is obta ined for reaction {14) with 
a chemical loading of zero. In general the average 
deviat ion in Table 5 increases both in the right direc- 
tion and downwards :  i.e. if the absorpt ion  condit ions 
start to deviate more and more from the situation the 
relation of DeCoursey  (and therewith the SBDC 
model) is really meant  for, the deviat ion of the SBDC 
model  starts to increase. It must be noted that for 
unequal  diffusivities the increase in the average devia- 
t ion is largely due to an inaccurate est imat ion of 
the asymptot ic  enhancement  factor according to the 
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Table 3. Results for reaction (15) A + B ,~C 
Situation SBDC model 
Deviation 
Deviation for 
n laveraget max. K kll Ea.~.SBDC > 5% 
(m 3 mol-  1) (m 3 mol-  1 s-  1) for K equal to 
Average deviation if 
Ea.~.SBDC = Ea,~.numerica I 
1 40 1.904 - 12.4 0.1 1 
2 43 1.659 - 6.16 0.1 1 - -  
3 39 2.645 - 16.9 0.1 1 - -  
4 35 3.856 - 32.7 0.I 1 
5 27 1.494 -- 5.16 0.1 0.1 
6 24 1.592 -- 5.11 0.1 0.1 
7 25 1.451 - 6.44 0.1 0.1 - -  
8 19 1.196 -- 7.08 0.1 0.1 - -  
21 32 2.604 -- 9.27 0.1 0.1 - -  
23 33 3.791 -- 7.42 1 x 105 1 x 106 0.1,10,1 x 103,1 x 105 
25 45 3.774 - 22.9 0.1 1 0.001 
26 37 3.789 -- 9.87 0.1 0.1 0.001 
27 38 2.959 7.38 0.001 1 x 106 0.001 
28 47 4.409 - 21.7 0.1 10 0.001 
29 24 11.60 16.8 1 x 105 1 x 106 0.1,10,1 x 103,1 x 105 
30 23 11.28 18.2 lx l05  lx l06  0.1,10,1 x 103,1 x 105 
2.129 
3.656 
1.969 
1.535 
4.226 
1.734 
1.315 
Note: Conditions for each situation given in Table 1. n = number of simulations which could be used for the specific 
situation (see Fig. 3). 
Table 4. Results for reaction (16) A + 2B ,~C + D 
Situation SBDC model 
Deviation 
n laveragel max. K k12 
(m 3 mol - I )  (m 6 mol-2 s -1) 
Deviation for 
E,,~,SaDC > 5% 
for K equal to 
Average deviation if 
Ea,~.SBDC = Ea, m.numerica I 
1 45 4.584 - 18.9 1 x 105 0.001 
2 41 5.158 -- 18.6 1 x 105 0.001 
3 30 3.249 -- 17.5 0.1 1 × 10 -4  - -  
4 14 4.125 - 11.4 0.1 1 X 10  -4  - -  
5 32 2.510 - 10.6 1 x l0 s 0.001 - -  
21 34 7.494 - 21.3 1 x 105 0.01 10,1 x 103,1 x 105 4.578 
23 20 2.969 7.08 0.1 1 X 10  3 1 x 10-3,0.1 2.687 
26 23 2.230 4.98 1.103 1 x 103 - -  
27 39 4.669 - 12.3 0.001 1 X 10 .6  0.001 3.707 
28 46 6.029 -- 21.8 1 X 105 0.001 
29 28 9.831 18.3 1 X 105 1 X 10 3 1 X 10-3 ,0 .1 ,10 ,  
1 x 103,1 x 105 1.550 
Note: Conditions for each situation given in Table 1. n =number of simulations which could be used for the specific 
situation (see Fig. 3). Reaction rate varied from 1 x 10-9 to 1 x 10 3 m6.mol-2s-1. 
adapted solut ion of Secor and Beutler. If the asymp-  
totic enhancement  factor needed in the SBDC model  
is taken at the value numerical ly calculated, the 
average deviation will decrease for the condit ions with 
unequal  diffusivities. 
4.3. Reactions with kinetic order in A va 1 
4.3.1. Results for  74=2,3  or 0 with Vb=Tc= 
7d = 1. It is well known that for reactions (17)-(19) the 
enhancement  factor and the HaA number  are corre- 
lated to each other in the interval 2 <E,  ,~ E.,~. For  
the film model  this correlat ion is given by eq. (22) and 
for the surface renewal model by eq. (23). 
F i lm model: 
HOA 
E, - ~ HaA (22) 
tanh HaA 
Reversible reactions of finite rate in chemically loaded solutions 
Table 5. Average deviation for the reactions (14) (16) according to the SBDC model 
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Chemical loading diffusivities 0.001 > 0.001 0.001 > 0.00 l 
equal equal unequal unequal 
Overall average 
deviation 
Reaction (14t 
Reaction (15t 
Reaction (161 
1.73 (47) 2.16 (157) 2.33 (87) 3.48 (401) 
1.74 (67) 2.20 (185) 4.83 (141) 5.03 (138) 
3.72 (77) 4.31 (75) 6.73 (147) 2.57 43) 
2.92 
3.58 
5.00 
Note: Numbers in brackets indicate the number of simulations. 
Surface renewal model: 
(23) E, = x//i + Ha 2 ~ Haa. 
However, for reactions (17)-(19) with n =2, 3 and 0, 
respectively, neither eq. (22) nor eq. (23) was valid in 
the regime 2 <E,  ~ E,,~: the enhancement factors 
calculated with the SBDC model, in which the HaA 
number was defined according to eq. (6), were too low 
in comparison with the numerical results. Therefore, 
the HazA number was corrected via an adaptive factor, 
•resulting in the parameter qSza [see eq. (24)], in such 
a way that eq. (22) was fulfilled in the regime 2 < 
E, ~E,,,~. 
k n- /7~ ~°,lfA]I I[B]LD~ 
f= adaptive factor. (24) 
For reaction (17) the value of this factor fwas  0.675, 
for reaction (18), 0.503 and for reaction (19), 1.90. (See 
Fig. 6 and Table 6). Although the resulting q~a 
number was only derived for the regime 2 < E, ,~ 
E .... it was also used in eq. (9) over the whole Haa 
range in order to approximate the enhancement 
factor according to the SBDC model, 
With these values for the adaptation of the Haa 
number (resulting in the 4)a number) a good agree- 
ment for the SBDC model and the numerical model 
was obtained for reactions (17)-(19) for solutions with 
E 
a,appr.  
10 2 . 
1o 1 
1o ° 
1o o 
A l l  
0 second order A; f--0.675 j " r  
+ second order A; no adaplive f~tor ~ "  
• third order A; f=0.503 J '~  
I0 1 I0" 
Ea ,num. 
Fig. 6. Parity plot for the numerical enhancement factor for 
reaction (17) and (18) for situation (1) with K =1 x 105 
[molm-3] -~+~ vs the approximate nhancement factor 
obtained with and without he introduction of the adaptive 
factor in the HaA-number. E,.~ for reaction (17)=200.8: 
E,. ~ for reaction (18) = 300.8. 
a chemical loading of 0.001 and both equal diffusivi- 
ties and unequal diffusivities over the whole Ha A 
range. (See Table 7.) 
Also for reactions (17)-(19), the maximum devia- 
tions sometimes occurred ue to an inaccurate predic- 
tion of the asymptotic enhancement factor [see e.g. 
situation (29)]. If for situation 29 the asymptotic 
enhancement factor according to the adapted solution 
of Secor and Beutler in the SBDC model is replaced 
by the numerically calculated asymptotic enhance- 
ment factor the average deviation decreases. Again, 
Table 6. Numerical enhancement factor and enhancement factors according to the SBDC model with and 
without the introduction of the adaptive factor in the Ha,~-number. Conditions as for situation (1) with 
K =1 x 105 [molm-3] -"+1 (See also Fig. 6) 
Reaction Eo_, Ea,.u.~ Ea,appr" no Eo,appr" with 
adaptation with adaptation 
1141 100.8 3.253 3.281 - 
9.623 9.607 - 
I171 200.8 3.750 3.298 3.781 
11.33 9.873 11.35 
33.86 29.30 33.61 
1181 300.7 3.982 3.304 3.992 
l 2.09 9.896 12.09 
36.72 30.05 36.48 
119) 100.8 4.455 3.281 4.397 
12.75 9.607 12.96 
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Table 7. Results for reactions with kinetic order in A unequal to 1 
SBDC 
Situation n Deviation 
]average] max 
2A+B,~C+D K k21 
reaction (17) (m3 mo1-1) (m6 mol-Z s -1) 
Deviation for 
Eo.~,sBDc > 5% 
for K equal to 
Average deviation if 
Ea.~,SBDC = Ea.~.num©rieal 
1 46 1.54 -- 5.73 10 1 - -  
5 38 1.05 5.02 0.1 0.001 - -  
27 40 2.57 9.13 0.1 1 × 10 -3  - -  
28 46 1.66 4.81 0.001 1 × 106 - -  
29 33 6.79 13.2 1 × 105 1 × 106 1 × 10-3,0.1,10, 
1 × 103,1 × 105 1.45 
3A +B.¢~C +D K k31 
reaction (18) (m6 mo1-2) (m9 mol- 3 s -1 ) 
1 49 1.58 9.64 0.001 1 × 10 -5 - -  
5 40 1.27 - 4.02 0.1 0.01 - -  
27 47 1.94 12.9 0.001 1 × 10 -5 - -  
28 51 1.62 8.09 0.001 1 × 10 -5 - -  
29 38 5.62 10.6 1 × 105 1 × 104 1 × 10-3,10,1 × 103, 
1 x 105 1.42 
A+B¢~-C +D K k01 
reaction (19) ( - )  (s- 1) 
1 46 1.37 7.36 10 1 - -  
5 40 0.68 3.31 1 × 10 -3  0.01 - -  
27 39 3.67 12.3 0.1 0.01 1 × 10-3,1 × 10 -1 1.88 
28 36 2.92 17.3 1 × 103 1 - -  
29 34 5.21 17.3 1 × 103 1 × 106 0.1,10,1 × 103,1 X 105 1.84 
Note: Conditions for each situation given in Table 1. n =number of simulations which could be used for the specific 
situation (see Fig. 3). For reactions (17) and (19) reaction rate varied from 1 × 10-6 to 1 x 106 m 3" mo l - "s -  1, for reaction (18) 
from 1 × 10 -8 to 1 × 104 m 9 mol -as  -1. 
for most  s ituations the largest deviat ions occur in the 
area HaA > Ea < Ea,~. It should be noted that the area 
for which the max imum deviat ions for react ions 
(17)-(19) are observed is identical as for react ions 
(14)-(16) descr ibed in Section 4.2. 
4.3.2. Average deviations for reactions with n ~ 1. 
As can be seen in Table 8 the average deviat ion of  the 
SBDC model  with the int roduct ion of  the adapt ive 
factor from the numerical  results for a chemical  
loading of 0.001 is small. As also observed for 
react ions (14)-(16), this deviat ion increases if the dif- 
fusivities are unequal:  however,  the results are still 
good. For  solut ions with a chemical  loading of 0.1, 0.5 
or 0.9 the SBDC model  gave good results for react ions 
(17)-(19) as long as the actual concentrat ion of A in 
the bulk was negligible with respect o the interface 
concentrat ions,  which means that the react ions are in 
fact irreversible (results not  shown in either Table 7 or 
Table 8). However,  if this concentrat ion was of the 
same order of magni tude (or even higher in case 
desorpt ion  occurs), the SBDC model  gave inaccurate 
predict ions with errors occasional ly up to 50% (espe- 
cially in the range 1 < Ea < 3). Therefore it is recom- 
mended not  to use the SBDC for s ituations in which 
the bulk concentrat ion of A is of the same order 
of magni tude as the interface concentrat ion and the 
order  in A is not  equal to one. 
4.3.3. The adaptive factor, f, in the Ha, number in 
the regime 2 <Haa ,~EA,~ for reactions with n ~ 1. 
To provide an addit ional  theoretical basis for the 
adapt ive factor in the HaA number  (resulting in the CA 
number)  in the regime 2 <Haa ~.EA,oo for reactions 
with identical stoichiometr ic  oefficients and kinetic 
react ion orders it can be written as 
x/-f /7"k~'°'~'"[A]~-I [B])D~ 
CA = ~/-f HaA = ~ j q k~ (25) 
If n = 1 the correct ion factor, f, is equal to 1, and for 
n =2,  3 and 0 the correct ion factor is 0.675, 0.503 and 
1.90, respectively (See Section 4.3.1). In the regime 
2 <Haa ~Ea, o~ there is no deplet ion of B in the 
Reversible reactions of finite rate in chemically loaded solutions 
Table 8. Average deviation for reactions (17) (19) according to the SBDC model; (.3 = n 
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Chemical loading solution 0.001 >0.001 0.001 >0.001 Overall average 
diffusivities equal equal unequal unequal deviation 
Reaction (I 7) 1.32 (84) 3.38 {t 19) 2.53 
Reaction (18) 1.44 (89) 2.84 (136) 2.29 
Reaction (19) 1.06 (85) 3.90 (1091 2.66 
reaction zone, which means that the reaction can be 
considered as a pseudo nth order reaction in only A, 
and the HaA number is sufficient to correlate the 
enhancement factor and HaA uniquely. 
Hikita and Asai (19641 also obtained a kind of Haa 
number in the derivation of the flux. Firstly they 
treated the irreversible reaction A ~C with R, = 
k,[A]" for the film model [which can be compared to 
the (numerical) results obtained for n = 1, 2 and 3 and 
m = 1 in the regime 2 < Ha.4 <~ EA.~ ]. For this situa- 
tion, the following relation can be solved analytically: 
d-' [A] 
D, d'\" 2 - k,,[A]", .v = 0, [A] = [A] ,  
x=( J ,  [A] =0.  (26) 
However, they did not introduce a type of dimension- 
less ttaA number [defined according eq. (6)] in the 
dimensionless differential equation [eq. (3)] but in the 
resulting expression for the concentration gradient of 
A within the fihn. The flux at the interface obtained by 
them is given by: 
d [A ] . , :  o " x/4A + C (27) .I, = --D, ~ = k, [A]~ ~/Tg 
with 
2 
- -  k .  D .  [A]?- 
n+l  
kf. 
(PA is correlated to the HaA number [according to 
eq. (6)] via: 
2 
~A = HaA. ,~-I 
The constant C in the flux equation is an integration 
constant which is dependent on qSA and varies 
between 0 (for high ~b A values) and 1 (for low ~b valuesl. 
For n =0 or n = 1 an analytical expression can be 
obtained for C, however, for other values of n the 
value of C has to be calculated numerically. 
As already mentioned for high qSA-Values and arbi- 
trary u values C becomes zero and disappears, which 
means that E, = ~ba. In Section 4.3.1 it was shown 
that the enhancement factor is correlated to HaA in 
the regime 2 < HaA ~ EA,~ by 
E. \/)" HaA. 
This means that for the regime 2 < Ha,  ~ E ~. ~ :
. f= 2/(n + 1). (31) 
The factor 2/(n + 1) is equal to 2 for n =0, 1 for n = 1, 
0.666 for n =2 and equal to 0.500 for n =3. These 
values are close to the values found for the adaptive 
factor f in the regime characterized by 2 <HaA 
EA,~, for n =0(m = 1). ;1 =1 (m = 1), n =2 (m =11 and 
11 =3 (m =1) which were 1.90, 1, 0.675 and 0.503, 
respectively (see Section 4.3.11. It should be noted that 
although the adaptive factorfwas taken as a constant 
over the whole HaA range in the SBDC model, il is 
was only fitted for 2 < Haa ~ EA., and is strictly only 
valid in that regime. 
4.4. General remarks 
In general, the SBDC gives reasonably good results 
for various reactions in comparison to numerical 
results obtained for the model based on the Higbie 
penetration theory. Although the average deviation 
for the SBDC model is always reasonable, the main 
shortcoming of the SBDC model is that, sometimes, 
medium deviations can occur. Occasionally, for 
unequal diffusivities and very high reaction rate 
constants, the modified relation of Secor and Beutler 
used to calculate the asymptotic enhancement factor, 
introduces these deviations, but these discrepancies 
were smaller than 20% for all reactions and situations 
studied. The somewhat larger deviations ometimes 
(28) observed (the maximum deviation found in all 2187 
simulations was 30.5%), occur in the range of 
Haa >E, <E .. . .  In this area as well as for most 
situations studied, the SBDC model sometimes 
approaches the asymptotic enhancement factor too 
rapidly with increasing HaA-number in comparison 
(29) with the numerical results. However, it must be 
emphasized that the number of simulations which 
show such a large deviation is small: from a total of 
2187 pre-selected simulations (See Fig. 3i only 26 
1~1.18%) had a deviation which was larger than 
20%. 
Although the approximation was tested for many 
process conditions, there may, of course, be reaction 
conditions for which the average deviation is con- 
siderably higher (e.g. with unequal diffusivities of all 
components). Therefore, it should be kept in mind 
that a deviation is generally caused by: 
• an incorrect prediction of the asymptotic en- 
hancement factor according the method of Secor 
(30) and Beutler caused by unequal diffusivities: 
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• the transition area HaA >E. <Ea.~; 
• equilibrium constants of K .,~0.1-10; [A],[B], 
• diffusivity ratios which increasingly differ from 1, [C],[D] 
• increasing chemical liquid loadings (especially for [A]i 
n ~ 1 where the approximation should not be used). [B]tot 
Therefore, if one wishes to know the exact enhance- [B]L 
ment factor for a particular model, extensive numer- 
ical procedures still have to be performed. However, D 
for most practical cases the SBDC method offers E. 
a margin of error which seems acceptable. E,~ 
5. CONCLUSIONS 
A new explicit relation has been proposed for the 
prediction of the enhancement factor for reversible 
reactions of finite rate in chemically loaded solutions 
which also allows for unequal diffusivities. In 
this contribution a simple explicit relation for the 
enhancement factor is presented, which is not based 
on the approximation of the absorption process, but 
is derived from a similarity which can be observed 
between the results of the approximation of van 
Krevelen and Hoftijzer or DeCoursey (1974), and the 
exact numerical results. 
The present relation combines two already existing 
models of DeCoursey (1974), for irreversible finite rate 
reactions according to the surface renewal model, and 
the solution of Secor and Beutler (1967) for the 
film model for instantaneous reversible reactions. The 
diffusivity ratios in the equation of Secor and Beutler 
(1967) were replaced by the square root of these ratios 
in order to adapt the enhancement factors to the 
penetration theory. 
The results of this new relation was, for various 
reactions, compared to the numerical enhancement 
factors obtained for the model based on the Higbie 
penetration theory. The agreement was reasonably 
good. The largest average deviations were obtained 
for solutions with diffusivity ratios not equal to one 
(which resulted in an incorrect prediction of the 
asymptotic enhancement factor needed in the SBDC 
model) and substantial chemical oadings. Replace- 
ment of the approximate asymptotic enhancement 
factor [according to the adapted solution of Secor and 
Beutler (1967)] in the SBDC model by the numerically 
calculated asymptotic enhancement factor caused 
a decrease in the average deviation. 
For reactions with a kinetic order of n =0, n --2 or 
n- -3  the Ha 2 number had to be multiplied by a 
factor, f, of 1.90, 0.675 and 0.503, respectively in order 
to relate the HaA number and the enhancement factor 
in the regime 2 < E a .~ E.,~ to each other according to 
the relation E, = x/-f HaA. These factors f agreed well 
with the values theoretically derived by Hikita and 
Asai (1964) in their dimensionless number. However, 
it is argued that the dimensionless number of Hikita 
and Asai (1964) cannot be used to present he results 
of absorption rate calculations in a unique way. 
On account of its explicit nature, the present 
approximation seems useful for rapid and reasonable 
prediction of the enhancement factor. 
J. A. Hogendoorn et al. 
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NOTATIONS 
concentration of reactants and products 
mol m-  a 
concentration ofA at the interface mol m-a 
initial concentration of B in chemically un- 
loaded solution mol m-3 
actual concentration of B in chemically 
loaded solution mol m-  3 
diffusion coefficient m 2 s- 1 
Enhancement factor dimensionless 
asymptotic enhancement factor dimension- 
less 
adaptive factor in the ~bA number dimen- 
sionless 
HaA number [see eq. (7)] dimensionless 
flux of component A mol m- 2 s- 1 
equilibrium constant [mol m-  3] -;.o-;.,+7. +~.d 
liquid side mass transfer coefficient m s- 1 
forward reaction rate coefficient [m -3 
moP] l - , -m s-X 
partition coefficient of gas A dimensionless 
number of simulations dimensionless 
in this paper: Stoichiometric coefficient, and 
also kinetic order of component i dimen- 
sionless 
reaction umber number defined by eq. (32) 
dimensionless 
Subscripts 
i interfacial 
L in the liquid 
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